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a b s t r a c t
We have studied the X 1 R + and B 1 P states of 7 
Li

85
Rb using Laser Induced Fluorescence (LIF) Spectroscopy and Fluorescence Excitation Spectroscopy (FES). We extract molecular constants for levels v 00 = 0-2 of the X P state, we have observed rotational perturbations in the e-parity component of the v 0 = 2 level, and determined the dissociation energy. We discuss implications of our measurements in finding efficient photoassociation pathways for production of ultracold ground state LiRb molecules, and their detection via state selective ionization.
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Introduction
The spectroscopy of heteronuclear diatomic bi-alkali molecules provides critical information for the rapidly developing field of ultracold molecules [1] [2] [3] [4] . The thermal motion of molecules in an ultracold sample is much slower than a room temperature gas, reducing collisions between molecules significantly. In this limit of reduced collisions, quantum mechanical effects are prominently visible; and manipulating chemical reactions by controlling molecular collisions becomes possible [1] [2] [3] [4] . There has been significant effort and progress in creating ultracold deeply bound ground state bi-alkali diatomic molecules [2, 3] , such as Cs 2 , K 2 , Rb 2 , KRb, NaCs, LiCs etc. Among these, the heteronuclear species are of great interest due to their relatively large permanent electric dipole moment [5] , with LiRb predicted to have an electric dipole moment of 4.1 Debye. These heteronuclear molecules provide a good system not only for studying ultracold chemistry [1] [2] [3] [4] , but also for studying quantum phase transitions [3, 6] and implementation of various quantum computing protocols [3, 7] . Recently two groups reported observation of Feshbach resonances in an ultracold mixture of Li and Rb atoms [8, 9] . These studies provide good estimates of the scattering length, but efficient formation and detection of ultracold LiRb molecules also requires detailed knowledge of bound rovibrational levels of the ground and excited states.
Until the very recent work of Ivanova et al. [10] , the LiRb molecule was the only heteronuclear diatomic bi-alkali molecule for which no detailed spectroscopic investigation had been reported. In Ref. [10] , the ground X 1 R + state was studied using Fourier transform LIF spectroscopy and the potential energy curve was constructed. There have been no reports on experimental studies of the excited electronic states of this molecule. The first theoretical calculation of the potential energy curves for LiRb was carried out by Igel-Mann et al. [11] in 1986. More recently, Korek et al. [12, 13] calculated the ab initio potential energy curves for LiRbsome of which are shown in Figure 1 . The excited B 1 P state of LiRb is a promising intermediate state for the formation of ultracold LiRb molecules by photoassociation [14, 15] , and also for their detection via state selective ionization. In this Letter we report, for the first time, a high resolution spectroscopic study of the B 1 P state using Fluorescence Excitation Spectroscopy (FES). In addition, we also briefly report an independent study of the X 1 R + state.
Experiment
We performed the measurements on LiRb molecules produced in a 80 cm long three-section heat-pipe oven similar to the one described by Bednarska et al. [16] . This type of heat pipe allows us to produce Li and Rb vapors at similar densities, despite the large vapor pressure difference of these metals at a common temperature. We loaded 10 g of Li (natural isotopic abundance) in the central section ($15 cm long) of the heat pipe oven, which was heated to 550°C. The two outer sections (each $10 cm long), each containing 5 g of Rb (also natural isotopic abundance), were maintained at a lower temperature of 300°C. We used Argon as a buffer gas at a pressure of approximately 4-5 Torr and water cooled the two ends of the heat-pipe oven to protect the optical windows from deposition of metal. Under these conditions, LiRb molecules formed in the central section of the heat-pipe oven (along with Li 2 and Rb 2 molecules). We have operated the heatpipe oven for more than 800 h over a period of 14 months without refilling.
The LiRb molecules formed in the heat pipe are distributed among different vibrational and rotational levels of the ground electronic state (X Figure  2A , we collected the Laser Induced Fluorescence from one end of the heat pipe oven and directed it toward a 0.75 m focal length Czerny-Turner monochromator (SPEX 1702) with a typical resolution of 3 cm
À1
. The light is detected at the exit slit with a photomultiplier tube module (Hamamatsu H9306-03). We have observed transitions in 7 
Li
85 Rb and 7 Li 87 Rb, but only 7 Li 85 Rb will be considered in this Letter. We did not attempt to record transitions from 6 Li 85 Rb and 6 Li 85 Rb and did not observe any lines originating from Rb 2 or Li 2 in this frequency range. We performed two types of measurements: Laser Induced Fluorescence (LIF) Spectroscopy and Fluorescence Excitation Spectroscopy (FES). In the traditional LIF measurements, we kept the laser frequency fixed while scanning the monochromator and recorded the rotationally-resolved LIF spectrum ( Figure 2B and C). The LIF spectrum directly gives an estimate of the vibrational spacing for X ). For the FES measurements, we use the scheme shown in Figure 3A . We fix the monochromator to detect fluorescence at a frequency $193 cm À1 less than that of the excitation frequency, and scan the dye laser frequency to record a spectrum such as the one shown in Figure  3B . Peaks in these spectra correspond to excitation of specific rovibrational levels of the B , limited by the accuracy of the wavelength-meter used for measuring the laser wavelength. We used the higher resolution FES measurements for determination of the molecular constants of both the X 1 R + and B 1 P states. In the following, we briefly discuss the measurements performed with LIF spectroscopy, followed by a more detailed account of the higher resolution FES measurements.
Description and analysis
We used the LIF spectra to extract useful information about the vibrational and rotational structure of the X although more work is needed to confirm this. We have used our LIF measurements to determine the molecular constants of the X 1 R + state, and find excellent agreement with the Fourier transform spectroscopy measurements of Ivanova et al. [10] . In light of this strong agreement, and since the Fourier transform results were of higher spectral resolution than our LIF measurements, we will not repeat these results here. Instead, we will focus mainly on the excited B 1 P state, which has not been studied before. The intensity variations in the LIF spectra provide a good picture of the nodal structure in the vibrational wavefunction of the excited state, and we use these to assign the vibrational number v 0 of the excited B 1 P state. In Figure 2C we show the LIF spectra obtained upon excitation of four different vibrational levels of the B 1 P state. As expected from the Franck-Condon principle, the intensity distribution of LIF from v 0 = 0 has no nodes, v 0 = 1 has one node, v 0 = 2 has two nodes and so on. Once these assignments are made, we turn to FES for higher resolution measurements of the B 1 P state. We used two modes for recording these measurements: complete spectra while tuning the laser frequency continuously in an approximately linear scan; or tuning the laser manually and recording the wavelengths and intensities of the peaks. In either case, we determine the wavelength of the laser output using a wavelength-meter (Burleigh WA-1000). In Figure 3B we show an example of the Fluorescence Excitation Spectra around the head of the (v 00 = 0, v 0 = 2) band, obtained by patching together several frequency scans ($13 GHz each). Assignments of several rotational lines belonging to the P, Q and R branches are indicated. We recorded similar high resolution FES for 27 different (v 00 , v 0 ) bands of the
tion, where v 00 ranged from 0 to 2 and v 0 ranged from 0 to 20. For each of these vibrational bands we observed the Q branch rotational levels and assigned lines up to J $ 20. We did not attempt to study the higher J levels because our ultimate goal is to study the formation of ultracold molecules via photoassociation, where only J < 4 levels are generally observed. We assigned the P and R branches (e parity levels [17] ) only up to v 0 = 3. We show plots of all observed Q branch transition frequencies, against J(J + 1) in Fig. S1 of the Supplementary material. A list of all observed transitions is also available in Table S1 of the Supplementary material. The analysis which follows is based on these high resolution FES measurements.
We determine the molecular constants in a level-by-level manner rather than using a global fit. The total energy E v,J of a given (v, J) level is expressed in the form [18] :
is the rotational energy and T v is the rotation-less energy for the vibrational state v,
where T e is the minimum of the corresponding electronic potential energy curve, and G v is the vibrational energy. As is commonly done [18] , we approximate the value of the vibrational energy G v as an anharmonic oscillator and rotational energy F v (J) as a vibrating rotor:
G v ¼ x e ðv þ 1=2Þ À x e x e ðv þ 1=2Þ 2 þ x e y e ðv þ 1=2Þ We determine the constants B v 00 and D v 00 from a least squares fit of D 2 F v 00 (J 00 ) vs. J 00 ( Figure 4A ) and list the values of B v 00 in Table 1 . We obtain B e 00 = 0.21661 (7) and a e 00 = 0.001575(4), from a fit of the data to Eq. (5); these values are in good agreement with the higher precision results of Ivanova et al. [10] . 
With the values of B v 00 held fixed at the values reported in Table 1 and D v 00 held fixed at 1.06 Â 10 À6 cm
À1
, we obtain the values of B v 0 , D v 0 and (T v 0 -T v 00 ) from a least squares fit of Q(J) vs. J ( Figure 4B) . We obtain T v 00 = 1 -T v 00 = 0 from the difference in frequencies between the following rotation-less transitions: The energy differences T v 00 = 1 -T v 00 = 0 and T v 00 = 2 -T v 00 = 1 that we measure are in excellent agreement with those derived using the spectroscopic constants reported by Ivanova et al. [10] . From a fit of T v 0 to Eqs. . Corresponding theoretical values from Korek et al. [12] are T e 0 (B 1 P) = 17 205 cm À1 and x e 0 = 140.5 cm
. We do not make explicit comparisons to Ref. [13] calculations, which included spin-orbit effects, because these results are expected to be more precise only for larger internuclear spacings.
We calculate the dissociation energy D e (B 1 P) of the B 1 P state using the standard relation: Before we conclude, we look back at the relative intensity of the LIF lines in Figure 2C 
Conclusion
In conclusion, we have determined the molecular constants for the B 1 P state of 7 Li 85 Rb for the first time. We find slight disagreement between our experimentally determined constants for the B . We have also determined the molecular constants for the first three vibrational levels of the X 1 R + state and find good agreement with the recently reported experimental values [10] . We observed rotational perturbations in the v 0 = 2 level of the B 1 P state and identified the perturbing state. We find that v 0 = 2 and v 0 = 3 levels of the 
